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SUMMARY

Equations have been derived for the change in the
quantitiés that define the thermodynamic state of air -
pressure, denaity, and temperature -~ at an abrupt
increase 1n cross-sectional area of flow of compressible
alr, Results calculated from these equations are given
in a table and are plotted as curves showing the
variation of the calculated guantities with the area
expanslion ratio in terms of the initial Mach number
as parameter. Only the subsonic region of flow 1is
considered.

INTRODTUCTION

The well-known Borda-Carnot expression for change
in pressure when an incompressible fluld passes an
abrupt area expansion has long been used for estimating
the pressure changes in compreasible air flow at an
abrupt expansion. Thismethod is simple but not exact,

The expressions for pressure, density, and
temperature ratios glven herein are for subsonic flow
and are in precise agraement with the exact expression
for the welocity ratio in a compressible flow at an
abrupt area expansion developed in reference 1. In
the present report, Mach number, or the ratio of air-
flow wvelocity to existing sound weloclty,is used as
a parsmeter; whereas in reference 1l the parameter was
the ratio of exlsting alr-flow velocity to the wveloclty
that the air would possess 1f accelerated isentropically
untll 1ts veloclty was equal to the then existing local
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sound veloclty, This difference 1n parameters must be
considered when equations from the two papers are
compared,

By use of the same three fundamental equations
used herein, a somewhat similar equation showing
pressure and denslty changes across a shock loss in a
pipe of uniform cross section was developed .by Hugonilot
and 1s given in reference 2.

The expresslions obtailned hereln for pressure,
density, and temperature changes in a compressible
flow at an abrupt expansion are too involved to be of
practical use. 'The present compubatioris have therefore
been made and are presented in tabular and graphical
form. .

SYMBOLS

A crosa-sectional area of flow, square feet

a volocity of sound, feet ver second

by area ratio (4;/4>)

M Mach number (V/a)

P static pressure, pounds per square foot

v velocity of flow, feet per second

Y ratlo of specific heat at constant pressure to
specific heat at constant volume, dimensionless

R universal ges constant, Btu per slug per OF

Y absolute temperature, L60 + O

o] density of air, slug per cubic foot

Subscripts:

1 before abrupt expansion

2 after abrupt expansion
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ANALYSIS

From the fundamental equations for the consérvatlon
of energy, of contlnulty, and for the conservation of
momentum, equations are obtained that give the varlation
of the pressure, denslty, and temperature ratios with
the area expansion ratio f 1in terms of the initial
Mach number as parameter.

Flgure 1 shows the conditions of flow assumed for
the present calculations, The statlc pressure at a
(fig. 1) 1s taken to be the same as at b for subsonic
flow, as has been proved experimentally by Nusselt
(reference 3). TUniform velocity distribution before
and after the expansion 1s assumed. The ratio of
specific heats 4 1s taken as 1.,05.

The fundamental equations are the equation for
the conservation of energy

V;2

2
D V.
sy P _Tam, ¥ P2 (1)
2 ¥y - 1p 2 y - 1p,
the equation of contlnulty,
P1A V] = PaAsY; (2)

and the equatlion for the conservation of momentum

p2ha VP~ p1a V2 = ~By(Dp - py) (3)

From equation (1)

2
y -1 5 2 _y -1/ 2 . YPp

or

2
y - 1 Y -~ 1(? P, P
2 — 2 2 2 Pl
M + 1= ——\3 M + & =
2 ™t V;) 1 P1 P2 (4)




i

From equetion (3)
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p

—2 =1 + Yﬂ.l

P
1 + 4fM lf) (5)

1 ( Po
From equation (2)

_112._ .&";ﬂ: plf (6)
V1. pPp Az P2

When equations (5) wné () aro

svbatituted in equatlon (44.),

- -1 2
Y 1}'12 + 1 = ¥ i[ o \ f‘z‘ﬁ 2 + ;__ + —p-l-vf\,rla - Yfah Z \
2 \ / 1 o ‘1 po
2 P2
or
- 2 2
2 2 y ++ + 1 P]_ 2) '(Ml - M=+ 2
b i 1 + +fW¥ =
( > o2 yi¥y > o (7)

When equation (7) 1is solved for pl/bz

equation is 1nverted

2! 2

and the resulting

(8)

1 1+ Yﬂv}lz -\’ZYfI.le(l -f)+1-~

In order to cbtain an expression
ratio, equation (8) 1s substituted in
the following equation results:

2f2M1_ 2 4 I‘ZMIE

for tle prescsure
equation (5) and

Py _ 1+ vty sy 2vf 21 - £) + 1

- 2#‘—It.12 + fau.ll

Py vy +1

(9)
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By differentiating pp/py with reapect to f, 1t can

be shown that the maximum statlc-pressure recovery for
any value of M; 1a obtalned when

" : N - 1—2 o~ ..
r—YL*'[ 2 Mme+1

(10)

The locus of maximym pressure ratlo l1s shown in figure 2.

In equations (8), (9), and (10), the sign of the
radical has been ch¢sen so that the results obtained
are in the reglon wherses the assumptions are wvalid.

The temperature ratlo 1ls obtained by use of the
general gas law and the computed wvalues of pressure and
denslty ratio as

iy
_1.= RTl
Py
1Y
P2
T2 _ po/p
Ty  p2/P1
Figures 3 and | show the variation of density ratio and
temperature ratio with area expanslion ratio.
’ In order to make the results shown 1n figures 2

to i usable in cases for which only the conditions after
the expansion are known, the value of M 1n terms
of My and f 18 given In figure 5. If M

and f are known, M; can be determined from this
figure, The relation plotted in figure 5 1s dewveloped
as follows:
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By use of equation (6),

M Py P

P Py

or

™,

Fa P2
Py Py

My =

RESULTS AND DISCUSSION

The calculated wvalues of pressure ratio, density
ratlo, and temperature ratio are ven in table I.
The values have been computed to decimal places
because of the form of the equations,in which amall
differences in large quantities are involved. In the
region where M and f were both small, that 1s,
0.1 or 0.2, 1t was necessary to carry some of the
calculations to 12 decimal places In order to obtain
smooth curves for the quantities calculated.
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As In the case of Incompressible flow, the calcu-
lated changes occur gradually after the abrupt increase
in cross=sectional area of flow, and the calculated
and measured results are in best agreement at a distence
the order of 6 to 10 dlameters of the large cross
section downstream from the abrupt area increase.

The comparlson of pressure ratios for compressible
and incompressible flow is shown in figure 2, 1n which a
long-dash line glves the vpressure ratio calculated on
the basis of lncompressible flow for the same Initial-
conditions that are assumed for compressible flow at
an initial Mach number of unity, It is evident that
the effect of compressibllity is vanishingly - small
for values of the area ratio of expansion below about 0,25,
The short-dash line in figure 2 shows the pressure ratio
to be obtalned with isentropic expansion and an initial
Mach number of unity.

The experimental points from reference % shown in
figure 2 were obtained from the only experiments known
to the author in which pressure ratio has been measured
et an abrupt exvansion with compressible gas flow at
high Mach number. These data were obtained for an
area expansion ratio of 0.246, however, for which the
dil.fference between compressible and incompressible flow
1s Insignificant. These experimental results agree
well wlith the calculated results but are by no means
conclusive. Agreement of experimentsl with calculated
values at en area expansion ratio of 0.7 or 0.8 would
be conclusive evidence of the difference 1in pressure
ratio obtalned with compressible flow from that
calculated by the Borda-Carnot formula for incompressible
flow,

An experimental lnvestigation of the changes in
pressure, density, and temperature at an abrupt increase
in cross-sectional area with compressible flow would
serve to determine corrections for the effect of
nonuniform velocity distributlon and frictlon on the
idealized results obtained from the present calculations,

Langley Memorial Aeronsutical Laboratory
Vational Advisory Committee for Aeronautlecs
Langley Fleld, Va,
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TABLE I,~ PRESSURE RATIO, DENSITY RATIO, AND ABSOLUTE~TEMPERATURE RATIO FOR VARIOUS VALUES

OF INITIAL MACH NUMBER AND AREA EXPANSION RATIO
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Figure 1.- Flow conditions assumed for calculations.

‘314

*ON YUV VOVN

61Tv'1



Pz/Pl

.40

1.35

1.20

1.05

1.00

infmmp

T Tliow

£

Figure 2.- Varlation of pressure ratio with area ratio and initial Mach
number &t an abrupt expansion of compressible alr flow. (Experimental
polnts from reference 3.)
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- Variation of density ratio with area ratio and inltial Mach number
at an abrupt expansion of compressible air flow.

Figure 3
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Flgure }ie~ Variation of absolute~temperature ratio with ares ratio and initial Mach
number at an abrupt expansion of compressible air flow.
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